Abstract-This paper investigates the design and fabrication of thin dielectric ribbon waveguides for terahertz (THz) circuit applications. Simulations indicate that dielectric thin ribbon waveguides provide low loss THz wave propagation when a combination of high dielectric constant (high-k) core and low dielectric constant (low-k) cladding are used. This combination provides stronger field confinement which helps in reducing losses at waveguide bends and allows higher density integration. Two different fabrication approaches are investigated: 1) photopatterning of spin coated nanocomposite thin films and 2) laser cutting of dry nanocomposite thin films. Characterization of nanocomposites-based waveguides is carried out over a wide frequency range in the THz spectral region. Measurements of a variety of different waveguide samples validate the simulated results and prove that low cost, wafer-level planar THz integrated circuits can be realized with polymer ceramic nanocomposite thin ribbon waveguides.
I. INTRODUCTION

R
ESEARCH in the terahertz (THz) spectral region (0.1-10 THz) has greatly expanded, especially in the development of THz systems [1] , [2] . Early results using quasi-optical setups have shown the benefit and potential of the THz spectrum in a wide range of applications, such as medical imaging [3] , [4] , spectroscopy [1] , [5] , [6] , sensing [1] , [7] , nondestructive evaluation [8] , and communications [9] , [10] . There has been a large demand to move from quasi-optical THz setups to integrated THz circuits to realize similar devices as in the RF and digital fields. There are several challenges associated with the development of THz integrated circuits, such as the lack of suitable materials, design and microfabrication challenges, and large interconnect losses. To successfully achieve THz integrated circuits, efficient and compatible THz waveguides must be available. Compatibility with wafer-level integration, such as a planar film or strip, is one of the primary interests among current researchers.
In the literature, several approaches have been demonstrated for guiding THz waves, including metal parallel plates, metal wires, planar plasmonic metal waveguides, sapphire fiber, solid-and hollow-core photonic crystal fibers, hollow pipe dielectric or metal waveguides, and inhomogeneous dielectric waveguides [11] - [24] . The metal parallel plate waveguides and metal wire (cylindrical) waveguides show low groupvelocity dispersion and wideband undistorted propagation in THz region. Moreover, the latter has the property that the attenuation is inversely proportional to the frequency of operation. However, these structures are difficult to fabricate at the wafer level, and large radiation losses possibly exists at waveguide bends for the wire structure. The planar spoof plasmon waveguides made from perforated metal plates have also been demonstrated to have low loss characteristics, especially at bends, and they can be used to tightly confine the propagating wave close to the surface which is advantageous for higher density integration. Such perforated holes in the metal film require fine machining or etching, which increases the complexity of the manufacturing process. Furthermore, plasmonic-based waveguides are inherently narrowband. Dielectric material-based waveguides such as solid and hollow pipes are also low loss, but due to their complex geometries, they are also difficult to integrate at the wafer level. Similarly, many of the waveguides that are compatible with on-chip integration, such as micromachined metal waveguides [25] , [26] , require complex and costly fabrication techniques. Planar dielectric ribbon waveguide [17] , [19] is attractive due to its low-loss, wideband transmission characteristics, and simple fabrication.
The dielectric thin ribbon waveguide is a ribbon-like geometry made using a high dielectric constant (high-k) material. The structure is simple and the mode confinement can be easily controlled by changing the thickness of the waveguide. Typically, the thickness of the ribbon waveguide is much less than a wavelength, allowing supporting surface-type waveguide modes. This geometry provides low propagation loss compared with those of other waveguide structures, which can also support surface wave modes [15] . The geometric loss factor of a ribbon waveguide is not susceptible to small changes in cross-sectional area, especially for the dominant mode [17] , making this structure compatible with existing microfabrication approaches [27] . This paper builds upon the work presented in [27] .
Schematic of a simple dielectric thin ribbon waveguide is shown in Fig. 1 . It is composed of a thin high dielectric constant ribbon-like structure. The high dielectric constant (high-k) can be used as a standalone structure, or it can also be surrounded by low dielectric constant (low-k) cladding material. For THz integrated circuits, it is important to tightly confine the propagating waves to avoid crosstalk between the neighboring lines. Waveguides are expected to be integrated at multiple levels and thus wave confinement on all sides is necessary. Ribbon waveguides with finite width surrounded by cladding layer can help meet this need. The bottom cladding layer can also be used to isolate the waveguides from the carrier substrate and its circuitry.
Theoretical calculations for such thin ribbon waveguides have been presented in [17] . The analysis is based on solving the wave equations for the slab dielectric waveguide in rectangular coordinates, and then adding cladding layers to the dielectric slab with additional boundary conditions. It has been shown that for most of the dielectric waveguides, the hybrid (HE 11 ) mode is the dominant mode. For thin ribbon waveguides with a large width to height ratio for the cross section transverse to the wave propagation direction, transverse electric (TE) modes can be neglected and transverse magnetic (TM)-like mode can be considered as dominant mode. Detailed simulations are carried out in this paper to demonstrate the utility of ribbon waveguides for the fabrication of THz planar circuits.
The principal contributions of this paper are three folds. 1) Detailed simulations as well as analyses are carried out to demonstrate the utility of the proposed approach for wafer-level integration and THz circuit designs. 2) A novel material approach to fabricate ribbon waveguide is demonstrated. 3) Comparison between simulations and measurements is presented.
II. WAVEGUIDE MODELING AND SIMULATION
Different waveguide structures are simulated using a commercial finite element modeling tool (HFSS 13.0). Different aspects of the waveguides are analyzed under this section.
A. Thin Ribbon Waveguide Versus Microstrip Lines
To compare the propagation losses between ribbon waveguides and conventional microstrips, waveguides with two different lengths (5 and 9 mm) but constant width (2 mm) were simulated at 0.2 THz operating frequency. These results Fig. 2 . Modeling structure of cladded dielectric thin ribbon waveguide. The field polarization direction is perpendicular to the waveguide surface, which is along the z-axis. Observing plane sizes are 6 mm × 3.7 mm for ABCD and 10 mm × 3.7 mm for EFGH, respectively. 
B. Ribbon Waveguides With Varying Core Thickness
The propagation properties of the ribbon waveguide with cladding layers are studied. Fig. 2 shows the structure used in modeling as well as the E-field observing planes. These planes are references onto which the E-field is plotted. Low-k layers are cladded on top and bottom of the high-k ribbon core. Table II lists the geometrical values for the waveguides used in the simulations.
E-field observing planes in the model structure are used to study the E-field patterns confined within the radiation region, which helps to visualize the wave propagation properties of the ribbon waveguides. Quantitative analyses have been carried out by changing the thickness of the high-k core as well as that of the low-k cladding layers. The geometries for the E-field observing planes are also shown in Fig. 2. Fig. 3 shows the E-field pattern in the cross section along the waveguide. Both Figs. 2 and 3 are simulated at a solution frequency of 0.2 THz. In these simulations, the cladding thickness is fixed at 250 μm, while the core thickness is varied. Fig. 3 shows that the field confined within the cross section of the waveguide increases as the thickness of the highk increases. Fig. 4 also shows the fields being confined transverse to the waveguides. This is confirmed in Table III , which gives the numerical values of transmitted power through different cross-sectional areas at same position (6 mm from wave launching port) on the waveguides. The total power in the transverse cross-sectional area ABCD (entire area of each picture in Fig. 4 ) increases when thick core region is used. The percentage of confined power in the waveguide and core region also increases. Higher dielectric loss (loss tangent) of the core region leads to higher losses when field is strongly confined in this region. An optimized design is considered, as the thickness of the core region should be chosen to give negligible field in the surrounding air (outside of cladding region), and relatively lower power in the high-k core. For the case presented here, an optimal thickness for the thin ribbon waveguide is approximately 100 μm. E-field pattern along the waveguide for a fixed core thickness (100 μm) and a varied cladding thickness (see color legend in Fig. 3) . Thicknesses of the cladding layers are (a) 0, (b) 100, (c) 250, and (d) 500 μm. 
C. Ribbon Waveguides With Varying Cladding Thickness
The influence of the cladding thickness on the wave propagation is also studied. Figs. 5 and 6 show the E-field pattern results for a fixed core thickness of 100 μm while the cladding thickness on each side is varied between 0 and 500 μm. The simulation frequency is also fixed at 0.2 THz. Table IV shows the power confinement values for varying cladding thicknesses within different areas of cross-sectional planes. All the measurements are at the same position (6 mm from the wave launching port) of the waveguides. By increasing the cladding thickness, a higher portion of power is confined in the dielectric layers. However, for cladding thickness greater than 500 μm, power confinement per cross-sectional area begins to drop. Thick cladding layers are also not practical for interconnects as the thick layers limit the stacking of the waveguide for multilayer fabrication. The simulation results show that a cladding thickness of approximately 250 μm is sufficient to confine the field within the dielectric layers.
D. Ribbon Waveguides Analysis at Different Frequencies
Here, the core and cladding layers are fixed at 100 and 250 μm, which are the optimal values based on previous studies. Frequencies are varied from 0.15 to 0.35 THz in 50-GHz increments. Fig. 7 shows the E-field confinement on the transverse cross-sectional planes 6 mm away from the wave launching port. While the frequency is increased, the power is more confined into the cladding of the waveguides rather than the surrounding air. For a certain power confinement level at a desired frequency, it is necessary to manipulate the thicknesses of the core and cladding layers to satisfy the need for field confinement based on surrounding circuits and mutual coupling.
E. Ribbon Waveguides With Varying Dielectric Constant of the Core Region
To further analyze the effect of dielectric properties of highk core region on wave propagation, Finite-Element simulations are further carried out for varied dielectric constants of the high-k core region. Fig. 8 shows the E-field patterns on the cross-sectional planes of waveguides at 0.2 THz. The dielectric constant is varied from 5 to 14. The thicknesses of core and cladding layers are chosen as 100 and 250 μm, which are the optimal values at 0.2 THz. Here, larger value provides tighter power confinement into the cladding layer. Thus, field confinement can be tailored by choosing an appropriate dielectric constant of the high-k core region. In addition, this suggests that the ribbon waveguide can be further thinned using higher dielectric constant core layer. Fig. 9 shows a clear trend of such a behavior. Again, one would be able to select a certain dielectric constant value during fabrication to meet the requirement of different power confinements.
F. Power Concentration on Ribbon Waveguides
Further simulations are carried out to examine the power confinement profile inside and outside of the waveguide structure. Fig. 10 shows the power confinement percentage profile by changing the size of the measured rectangular cross-sectional area on the ABCD plane. Here, the reference power value is defined as which transmits through the total cross-sectional area ABCD. The horizontal axis (x-axis) of Fig. 10 stands for the z-direction (thickness) of the waveguide geometry shown in Fig. 2 . The zero point of the x-axis represents the long edge of rectangular at the interface of upper cladding and air, positive and negative values on the x-axis mean that this edge moves out of and into the waveguides, respectively. As the waveguide is symmetrical to the x y plane in Fig. 2 , only half the size of the structure is studied, where the interval between −0.30 and −0.25 mm represents half of the core region. The width of the rectangular cross-sectional area is equal to that of the waveguide. Fig. 10 shows that higher dielectric constant (ε r = 12) provides a better and tighter power confinement close to the core region than lower dielectric constant (ε r = 5). It is also shown that up to 80% of the power is within the low dielectric constant cladding layers, while the high-k core region only carries a small amount of overall power. Further away from the waveguide, power carried by the surrounding air is comparatively small for this geometry.
The average transmitted power density at certain position through the cross-sectional area is shown in Fig. 11 . For both low and high dielectric constants, the cladding layers preserve the highest power density, and for higher dielectric constant, power density increases in the cladding layer. Power densities in the surrounding air are similar for both low-k and high-k cores, but drops faster with a higher k core. The core region has a lower power density than that of cladding. As the dielectric constant increases the power loss in the core region increases. The electrical displacement vectors are continuous at the interface of different layers. However, because of the large difference in dielectric constants at each side of the interface, the E-field vector has large discontinuity which results in a large discontinuity in the average power.
G. Effect of Dielectric Loss of the Core Region
The simulations above are based on high-k core which has low loss tangent (0.0035). This satisfies the properties of waveguides made using commercially available Rogers 3010 thin film. However, higher loss tangent may exist for different high-k core region materials. Although power transmitting in the core region is significantly small (less than 10%) fraction of the total power, as shown in Figs. 10 and 11 , it is worth for further analysis. Higher loss tangent of 0.08 for core region with different dielectric constants are investigated in direct comparison with low loss cores (Fig. 12) . The loss factors for both cases are calculated based on the differences between transmitted powers through two different cross-sectional planes transverse to the waveguides. Planes at 5 and 10 mm away from the wave launching port having the same size (plane ABCD in Fig. 2 ) are selected. The power difference between these two planes is then converted to power loss per millimeter. For low loss cores, the propagation loss is small and remains constant for high-k values ranging from 5 to 14. The loss factor increases by approximately four times as the loss tangent is increased by 22 times (from 0.0035 to 0.08). Although the propagation loss is not strongly dependent on the loss tangent of the material, it is beneficial to use low-loss dielectrics in the fabrication of THz ribbon waveguides.
H. Power Loss at Dielectric Waveguide Bends
Simulations for straight dielectric thin ribbon waveguides indicate that higher dielectric constant will provide a better confinement of the transmitted waves, and with a lower dielectric loss of the core region, the losses can be reduced. In addition to straight waveguides, it is necessary to analyze the correlations between dielectric constant of the core region to power losses associated with bends in the waveguides.
Slowly varying 90°waveguide bends were simulated to demonstrate the benefit of the core region. Fig. 13 shows the simulated results of waveguide structures with and without a high-k core region. The simulation frequency is fixed at 0.2 THz, and the field is observed in the cladding region. The field in the waveguide having a high-k core region strongly confines the power in the cladding layers and in turn reduces loss by minimizing the evanescent wave in the air at the bend.
A further study of the curved waveguides with high-k cores, including varying the radius as well as the dielectric constant is carried out. Fig. 14 shows the E-field pattern in the cladding layers by changing the outer radius of the 90°bend. There is more power loss from the waveguide for smaller outer radius (3 mm) as compared with larger radius bends. However, the use of high-k core region significantly helps in reducing power loss at the bends.
Through simulations it has been shown that an increase in dielectric constant of the core region helps tightly confine the fields to the surface of the core region of the waveguide. Moreover, it also reduces radiation losses at waveguide bends (Fig. 15 ). This figure shows the E-field overlays on the waveguide structure and decrease in radiation loss with increase in dielectric constant of the core region.
Numerical values for power loss and loss factor for each of the curved waveguides have been extracted from the simulations, and plotted in Figs. 16 and 17 , respectively. In Fig. 16 , the power loss is the differences between transmitted power through two cross-sectional planes (ABCD) transverse to the waveguide before (0.4 mm) and after (3.6 mm) the 90°bends. Smallest radius of 3 mm has the highest loss. Power loss can be significantly reduced when the outer radius is equal to 6 mm or higher, and reaches a minimum for 9-mm radius. However, a larger radius, for example, 12 mm, has higher power loss, this is due to the longer curve path that wave has travelled and the propagation loss begins to dominate over bent loss. The loss factors shown in Fig. 17 for the bent part follow a similar trend-larger radius or higher dielectric constant has lower loss factor. Radius of 9 mm has a loss factor very close to that of 12 mm. Based on the dielectric properties and geometry of the core and cladding regions, an optimal bend radius is 9 mm.
The above simulation results prove the idea that thin dielectric ribbon structure with cladding layers can be used as planar waveguides or interconnects for THz circuit applications. The high-k core is required for both straight and curved structures to help tightly confine the wave to the waveguides. The degree of confinement can be tailored by the chosen thicknesses of the core and the cladding regions as well as their respective dielectric constant values. Tightly confining the propagating signal allows in the design of sharper bends with reduced loss and it also helps in minimizing crosstalk between the neighboring waveguides (adjacent and top-down). The density of waveguides required in the design of THz circuits can be high and tightly confining the wave helps meet this need. The key advantage of this waveguide structure is that it provides a possible route to realize low-loss THz waveguides which can be fabricated on planar substrates.
III. MATERIAL CHARACTERIZATION AND WAVEGUIDE FABRICATION
Materials with high dielectric constant and low loss characteristics are necessary to realize thin ribbon waveguides. There are several outstanding candidates which can meet this need, for example, alumina (ε r = 9.6), sapphire (ε r = 10), undoped Si (ε r = 11.9), and GaAs (ε r = 12.9). However, challenges still exist in fabricating ribbon waveguides from these materials, as they are expensive and difficult to deposit and pattern with simple microfabrication techniques. Therefore, it is necessary to develop materials which are low cost, large area wafer-level compatible, and can be processed at low temperatures. This will satisfy the need for the integration of THz waveguides on a host of substrates (organic and inorganic). Furthermore, it is desirable to be able to locally tailor the dielectric constant of the waveguide to be able to design complex THz circuits (e.g., filters).
A suitable material that meets the above requirements for THz dielectric thin ribbon waveguides is polymer-ceramic nanocomposites. These materials allow in tailoring of materials' electrical and mechanical properties. Polymer nancomposites are made with fillers having nanosize dispersed in a polymer host (thermoplastics, thermosets, or elastomers). Nanocomposites are low cost and can be deposited on a host of substrates at a low temperature using large area compatible processes such as spin coating, molding, extrusion, and inkjet [28] . These materials have been applied in a wide range of applications including manufacturing electronic components such as capacitors, the addition high-k nanoparticles in low-k polymer matrix allows tailoring the dielectric constant between that of the polymer and the nanoparticles. In general, the nanoparticles provide the electrical characteristics while the host polymer material provides mechanical integrity and lowtemperature processing. The combination of dielectric and mechanical properties is hard to achieve in a one component material. The tailoring of dielectric constant allows in the design of novel components composed of high-and low-k materials [29] .
Two different fabrication approaches are investigated for thin ribbon waveguides. The first approach uses photopatternable nanocomposites for direct patterning using UV lithography. The second investigates the use of nanocomposite dry films that can be patterned using laser ablation. Photopatternable nanocomposites can be designed using photosensitive polymer matrix and can be used in the fabrication of thin-film structures on large area substrates [30] , [31] . SU-8 100 (Microchem) is used as the photosensitive epoxy matrix material (binder material). Barium titanate (BaTiO 3 ) nanoparticle powder is mixed in the polymer material to achieve the desired dielectric constants by controlling volume loading. Commercial Rogers 3010 thin film (∼100 μm) was also used after etching away the copper claddings from both sides.
A. Material Preparation
Photopatternable epoxy resin (SU-8 100 having low molecular weight) is mixed with nanoparticles BaTiO 3 powder (nominal diameter of 700 nm from Inframat Advanced Material) to form high-k photopatternable nanocomposite material. To reduce the viscosity, solvents (SU-8 thinner) were also added to the epoxy resin. This helps improve the dispersion of BaTiO 3 particle in the polymer matrix. The volume of the solvent was also optimized to achieve desired film thickness during spin coating. To achieve good particle dispersion in the polymer matrix, ball milling for more than 100 h was also carried out. Poorly dispersed particles in the polymer matrix can lead to high losses due to scattering by the particle agglomerates. Here, smaller size particles ( λ) are utilized to minimize scattering losses.
B. Material Characterization
Photopatternable nanocomposite material was mixed following different volume ratios of BaTiO 3 nanocomposites, and their dielectric properties were measured over a wide frequency range. The matrix was spin coated on Zeonor ZF-188 (Cyclic olefin copolymer, Zeon Corporation) thin film flex substrates. This substrate material has low-loss characteristics in the THz spectral region [32] , and was characterized to be chemically inert and compatible with materials in the mixed matrix. Blanket UV exposure was then applied to the spin coated sample for complete cross linking and curing. Films were then characterized using a THz time-domain measurement system (THz-TDS). A collimated beam impinges on the sample normal to its flat surface and transmitted signal through the sample is measured.
The modified form of Lichtenecker's equation is used to carry out the theoretical calculations for the effective dielectric constants of the polymer nanocomposite [33] 
where ε eff is the effective dielectric constant, ε p is the dielectric constant of polymer, ε c is the dielectric constant of the ceramic, v c is the volume loading ratio of the nanocomposite ceramic, and k is the fitting factor which indicates the dispersion level and air voids in the mixture. The k value between 0.2 and 0.3 usually stands for a well-dispersed mixture.
The k value for spin coated polymer nanocomposite is also determined by particle size and shape, moisture and solvent content in the film. Epoxy resin, SU-8, has an effective dielectric constant ranging between 2.8 and 3 over a frequency range of 0.1-1.6 THz [34] . The difference can be attributed to molecular weight, curing, air voids, and film uniformity. The dielectric constant is approximately 500 for BaTiO 3 at frequencies above 0.1 THz with particle size around 0.7 μm in diameter [35] . Fig. 18 plots the averaged dielectric constant values for different volume loadings. The error bars cover the varying range of the measured data for each volume loading, and data is fitted with Lichtenecker's equation. BaTiO 3 ceramic is considered to have an unknown dielectric constant value to obtain an optimized fitting. According to the best fitting results, BaTiO 3 has the dielectric constant of 575 and the k value is equal to 0.589. Here, the larger k value is largely due to large porosity in the films. One of the key advantages of using nanocomposites is that the desired dielectric constant can be achieved by controlling the volume ratios of the polymer and the ceramic. This gives the possibility for tailoring the dielectric properties of the high-k core in the design of dielectric thin ribbon waveguides.
C. Fabrication of Photopatternable Polymer-Ceramic Thin Film Circuits
The photopatternable thin film circuits were fabricated using the approach described in [36] . A 35% volume loaded mixture was selected and an approximately 100-μm-thick layer was spin coated on flex Zeonor ZF-250 (ε r ≈ 2.35 and 250 μm) substrate. However, long UV exposure time is required due to strong scattering and absorption by the ceramic particles within the film. Fig. 19(a) shows the fabricated structures based on photopatternable polymer-ceramic nanocomposite. One more Zeonor cladding substrate layer is then applied on top of the fabricated circuits to form a sandwich structure.
D. Fabrication of Commercial Rogers 3010-Based Thin Film Circuits
Rogers 3010 thin film was also applied and fabricated as an alternative material for the high-k core of the ribbon waveguides. This material is in dry film form which is also made from polymer-ceramic composites. It has a dielectric constant close to 10 and lower tangent loss compared with SU-8-based photopatternable nanocomposite thin films in THz spectral region [32] .
A carbon dioxide (CO 2 ) laser engraving machine is used for patterning the desired circuit geometries on Rogers 3010 planar dry thin films. The laser has a peak power of 40 W and resolution of 50 μm. This setup can realize smooth edges and a high resolution structure on the nanocomposite dry thin films. An example fabricated THz circuit (power divider) is shown in Fig. 19(b) . This structure was designed to achieve a power division ratio of 1:2 at the output branches.
IV. MEASUREMENTS AND RESULTS
Fabricated samples are tested using a THz time domain system (THz-TDS) (Picometrics 2000). Fig. 20 shows the measurement setup. Two low loss High Density Polyethylene THz probes (edge couple) were used to focus and couple the THz collimated beam onto the fabricated waveguides from the transmitter and the receiver heads [37] .
Straight line structures were fabricated and example structures are shown in Fig. 21 . The photopatternable thin film circuit was fabricated on the bottom Zeonor substrates, and the top Zeonor cladding layer was attached using a tape. Straight line samples with two different lengths are presented to acquire the characteristics of signal transmission, as shown in Fig. 21 . For the purpose of examining the benefits of high-k core region in the circuits, bare Zeonor waveguides with only the two cladding layers are made and measured. Note that Zeonor waveguides have the same lengths as that with high-k core. To reduce the wave reflection at the probe and waveguide interface during the measurements, all of the samples ends are cut out at an angle.
Waveguides with different high-k cores as well as bare cladding layers are measured and the results are shown in Figs. 22-24 . Each figure shows the transmitted signal for both short and long waveguides. Rogers 3010 thin film-based samples are shown in Fig. 22 . Photopatternable nanocomposite-based samples are shown in Fig. 23 . The differences in the transmitted signal between two lengths indicate the effective transmission loss associated with the waveguides. The transmitted signals in all of the figures decay at higher frequencies. This is an artifact from the generated THz power as well as the dielectric probes which are not optimized for large frequency bandwidth.
Transmitted signals in bare Zeonor cladding with different lengths are similar (Fig. 24) . According to the simulation results above, wave propagates in both the cladding and the surrounding air; this indicates the low loss characteristic of the Zeonor and air combination. Waveguides with high-k core have higher effective losses compared with bare Zeonor, which means that high-k materials have higher loss characteristics. A high-k core helps to confine the fields in the waveguides, but on the other hand increases the total signal loss if the dielectric loss is high and the surface is rough. The need for higher confinement of propagating waves is dictated by the desire to achieve high density integration of THz interconnects.
Comparing Figs. 23 and 24, one may find that photopatternable nanocomposite-based waveguides have higher loss than Rogers 3010. This can be attributed to higher loss properties of SU-8 (epoxy dielectric), and very likely due to poor dispersion of ceramic particles in the polymer matrix and large surface roughness. To minimize losses, polymer matrix with lower loss should be selected. Losses can be further reduced by improving the dispersion of particles in the matrix material through the use of surfactants during the milling process and also by minimizing porosity using bimodal particle distribution [33] . Fig. 25 shows a waveguide with a bend placed in a test setup. Bare Zeonor cladding with and without Rogers 3010 film as the core region were tested. The outer radius of the curve is 10 mm. Measured transmitted signal through the two samples is shown in Fig. 26 . Clearly, the waveguide with a Rogers 3010 core has a higher transmitted signal than the bare Zeonor sample. This result validates the simulations showing that the waveguides with high-k core regions increase the field confinement along the waveguide and reduce radiation loss. Low-transmitted signal at higher frequencies is an artifact due to poor coupling of THz radiation onto the waveguides from the THz transmitter and receiver.
V. CONCLUSION THz thin ribbon waveguides have been simulated and studied in detail, and their fabrication is carried out using polymer ceramic nanocomposites. Low-k cladding layers are applied on both sides of the high-k core to enhance field confinement and make it practical for use in design of wide band THz integrated circuits. Simulations indicate that with the assist of high-k core THz waves can be tightly confined within the low loss cladding layers of the waveguides and thus reduce the radiation loss along curved paths and allows higher density waveguide integration. Two alternate approaches have been demonstrated for the fabrication of thin ribbon waveguides: 1) photopatternable nanocomposites with tailorable dielectric constant and 2) laser cut nanocomposite dry thin films. Fabrication and measurement results show that these nanocomposite ribbon waveguides can be utilized in the manufacture of THz planar circuits at the wafer level. These structures show great potential to realize more complex THz integrated circuits on large area substrates.
